The geochemical behavior and genesis of rare earth element (REE) ores remains poorly understood. In addition, the processes responsible for many features observed in REE ore deposits are not easily determined. Importantly, the distinction between igneous versus post-magmatic genesis, or the nature of the mineralizing and modifying fluids or melts, remains in dispute. Nolans Bore is a P-REE-Th deposit in the Northern Territory, Australia, hosting REE mineralization in fluorapatite and its alteration products. These mineralization textures are imaged in 3D by X-ray computed tomography and in 2D by electron microscopy, cathodoluminescence, and X-ray mapping. Primary igneous REE-rich fluorapatite was replaced in two stages. The first, at high temperature, was to endmember fluorapatite-britholite symplectite. The second, at lower temperatures, was to hydrothermal veins and patches comprised of REE-Th phosphate, silicate, and carbonate minerals. Quadrivalent Ce occurs together with Th, suggesting oxidized, low-temperature conditions. Strikingly similar textures are observed at Hoidas Lake, Saskatchewan, Canada, where igneous immiscibility or a pegmatitic boundary layer have been implicated in their formation. Our textural and chemical investigations establish that these symplectites and other similar textures are not primary igneous textures, but formed by subsequent cooling and alteration. Understanding the processes that formed these symplectic and vein textures is key to their theoretical and experimental modeling and should lead to a better understanding of ''hydrothermal'' REE deposits globally. The decoupling of Ce from the rest of the REE and the mineralogical preferences of the light REE versus the heavy REE should be considered when evaluating similar ore deposits for their economic value and mineral processing.
INTRODUCTION
Rare earth elements (REE: La to Lu), a group of technologically critical metals (Hoatson et al. 2011 , Atwood 2012 , Chakhmouradian & Wall 2012 , Linnen et al. 2014 , Wall 2014 , are mostly obtained from carbonatites or carbonatite-related ore deposits (Chakhmouradian & Zaitsev 2012 , Verplanck et al. 2016 . REE-rich carbonatites are commonly hydrothermally altered and overprinted, such that some degree of REE mobility is observed. REE can be redistributed in situ into different minerals (commonly LREE; Andrade et al. 1999 , Ruberti et al. 2008 , Doroshkevich et al. 2009 , Cooper et al. 2015 , Moore et al. 2015 , Trofanenko et al. 2016 , Andersen et al. 2017 , or transported externally from the carbonatite to a secondary distal deposit (commonly HREE; Bühn 2008 , Andersen et al. 2016 , Bodeving et al. 2017 , Broom-Fendley et al. 2017a . The REE are also considered hydrothermally mobile based on theoretical and experimental studies (e.g., Williams-Jones et al. 2012 , Migdisov & Williams-Jones 2014 . However, these theoretical and experimental studies represent simplified model systems that might miss geochemical complexities of natural systems. Fluorapatite is a typical mineral in carbonatites and commonly hosts significant amounts of REE (Chakhmouradian et al. 2017) . Alteration of apatite releases crystal-bound REE into hydrothermal systems, making them available for transport by aqueous fluids. It is thus crucial to document the secondary alteration textures and qualitative geochemical signa-tures of igneous REE-rich fluorapatite to better understand the fate of REE in such hydrothermal systems. The mineral assemblage and composition of the secondary alteration can reveal whether the REE were redistributed or recrystallized in situ, leached and possibly deposited elsewhere, enriched or depleted by supergene processes, etc. Also, studies of secondary alteration chemistry can reveal differential mobilities of REE (e.g., LREE versus HREE). It is thus important to distinguish and recognize secondary alteration from primary mineralization, which may not be obvious.
Nolans Bore is a Mesoproterozoic P-REE-Th-U ore deposit in the Northern Territory, Australia, which is composed of centimeter-to meter-wide veins and dikes of fluorapatite. The Nolans project is being developed by Arafura Resources for production of REE and P. It was thought to have formed from phosphate-rich hydrothermal fluids or from evolved carbonatitic or alkali associated melts, but no cognate source has been identified (Huston et al. 2016) . Instead, it has recently been reconsidered as an igneous cumulate that crystallized directly from carbonatitic melt (Anenburg & Mavrogenes 2018) . In this scenario, Nolans Bore was initially composed of REE-rich fluorapatite (via britholite substitution: Ca
), which experienced several episodes of hydrothermal alteration (Schoneveld et al. 2015 , Huston et al. 2016 . This alteration transformed the fluorapatite to REE-poor fluorapatite with abundant inclusions and veins of REE and Th phosphate, silicate, and carbonate minerals. The alteration mostly redistributed REE and Th between minerals within Nolans Bore itself, and did not transport any of these elements into the wall rocks (Schoneveld et al. 2015) .
Here we document the textures that resulted from alteration of an initially REE-rich fluorapatite at Nolans Bore. We also compare it to Hoidas Lake, a similar ore deposit in Saskatchewan, Canada, which contains nearly identical textures (Pandur et al. 2015 (Pandur et al. , 2016 .
METHODS
Scanning electron imaging was conducted using a Hitachi S-4300 SE/N field emission-scanning electron microscope (FE-SEM) at the Centre for Advanced Microscopy, Australian National University (ANU). A Gatan MonoCL4 Elite cathodoluminescence (CL) system installed on an FEI Verios FE-SEM was used to generate color-CL images from three composite images acquired using red (620-750 nm), green (525-555 nm) , and blue (390-485 nm) Edmund Optics filters.
X-ray element mapping was conducted using WDS (wavelength dispersive spectroscopy) via a Cameca SX100 electron probe microanalyzer (EPMA) at the Research School of Earth Sciences (RSES), ANU. Beam conditions for the EPMA were 15 kV accelerating voltage, 100 nA beam current, and a spot size of 1 lm. Mapping resolution was 256 by 192 pixels, with a pixel dwell time of 150 ms and 1 lm step size. A list of analyzed elements and their X-ray lines are given in Table 1 . The raw count data were then plotted as matrices and phase maps using hexagonal binning, with hexagon greyscale intensities corresponding to the log-transform of the counts for that bin. Coordinates of raw data for each map were corrected for beam drift between subsequent passes, as only four elements could be analyzed simultaneously. Therefore, scatter plots of elements measured in different passes have more noise relative to those measured in a single pass. Ratios and absolute values of La and Ce counts (see La-Ce cell in the matrix) were used to construct the phase map. For details of the procedure and source code written in R, see the supplementary information (available from the Depository of Unpublished Data on the MAC website, document REE Redistribution Textures CM56_10.3749/canmin.1700038).
Three-dimensional X-ray micro computed tomography (XRCT) was conducted using a HeliScan MicroCT system at the X-ray Micro Computed Tomography lab (CTLab) at ANU to yield images at a resolution of approximately 2 lm (Latham et al. 2008 . A polychromatic X-ray beam with an energy of 120 kV and tube current of 50 lA was used. XRCT data for the sample was rendered using Drishti v2.3.2 (Limaye 2012) . X-ray absorption scales with density and atomic number, and therefore a backscattered electron image (Fig. 1) is approximately equivalent to an XRCT image, such as Figure 2 . Coarse primary REE-rich fluorapatite with a horizontal fine oscillatory zoning pattern (medium grey) altered to REE-poor fluorapatite (dark grey) and REE-rich phases (white Trace elements were acquired using laser ablationinductively coupled plasma-mass spectrometry (LA-ICP-MS) via an Agilent 7700 quadrupole mass spectrometer coupled to a Coherent CompexPro 193 nm ArF excimer laser using methods outlined by Eggins et al. (1998) . NIST-610 was used as a primary calibration standard and BCR-2G as a secondary standard. Ablation time was 20 s on background (laser off) and 40-45 s of sample measurement (laser on). Data were reduced using Iolite 2.5 running on Igor Pro 6.37 (Woodhead et al. 2007 , Paton et al. 2011 . Full analytical details and results are freely available on Figshare at https://doi.org/10.6084/m9.figshare. 5602720 or by request from the corresponding author.
GEOLOGICAL SETTING
The geological history of Nolans Bore has been described by Schoneveld et al. (2015) and Huston et al. (2016) and of the Aileron province, more generally, by Scrimgeour (2013) . Therefore, only a summary relevant to this work is given here. The Nolans Bore fluorapatite-diopside-hyalophane veins formed at ca. 1525 Ma in shear zones within granulite-facies gneisses and schists (Huston et al. 2016) during the late stages of the Chewings Orogeny (Dirks et al. 1991 , Vry et al. 1996 , Claoué-Long et al. 2008 , Anderson et al. 2013 . Peak conditions were estimated to have been ca. 850 8C and 7 kbar (Morrissey et al. 2014) . The Nolans Bore mineral assemblage is consistent with formation by reaction of a moderately magnesian carbonatite with the silicate wall rocks at 750-850 8C (Anenburg & Mavrogenes 2018). Nolans Bore was subsequently affected by two metamorphic events: (1) the Redbank Thrust Zone event at 1500-1400 Ma (Shaw & Black 1991) and (2) the Alice Springs Orogeny at 450-300 Ma (Haines et al. 2001 , Buick et al. 2008 . These events resulted in regional shearing, hydrothermal activity, and metasomatism (Shaw & Black 1991 , Hand & Sandiford 1999 , Raimondo et al. 2011 . Peak conditions for the Alice Springs Orogeny are estimated to have been ca. 550 8C and 5 kbar (Raimondo et al. 2012) . These regional metamorphic events also affected Nolans Bore, resulting in the REE redistribution textures discussed in this article.
FIG. 2. (continued) REE IN ALTERED FLUORAPATITES: SYMPLECTITES, VEINS, AND P-Si-C ASSEMBLAGES
An additional thermal event at ca. 1140 Ma may also have overprinted the primary igneous features at Nolans Bore (the Teapot event; Shaw & Black 1991 , Biermeier et al. 2003 .
PETROGRAPHY
Nolans Bore is composed primarily of fluorapatite and its alteration products. We highly recommend that the reader view Supplementary Video 1 alongside this section for a better understanding of the threedimensional textures discussed. Idealized compositions of the mineral phases are given in Table 2 . Four different types of fluorapatite are present, distinguished by their compositions and textures:
Primary igneous fluorapatite. This type of fluorapatite is characterized by millimeter-to centimeter-scale euhedral to subhedral crystals with common oscillatory growth zones (Figs. 1A, 2B) . This fluorapatite appears dull-green in SEM-CL (Fig. 3A) and is composed of strong narrow peaks at about 600 and 630 nm and a weaker, wider peak at 450 nm (Fig. 3C ). Although primary fluorapatite should be yellow or bright green in the images (given the strong 600 nm peak), it is not (in this case) because the RGB filters used in the CL system do not transmit yellow light. Patches of finer-grained rounded fluorapatite aggregates (termed pill texture by Chakhmouradian et al. 2017) are also observed (Fig.  2B, H) . The igneous fluorapatite contains ca. 5% total rare earth element oxides with a smooth LREE-enriched pattern (Schoneveld et al. 2015) . Its REE-rich nature is evident by its brightness observed in BSE and XRCT images. The morphology of this fluorapatite is consistent with types 1 and 2 of Chakhmouradian et al. (2017) , interpreted by them to crystallize from the carbonatitic magma (also observed by Decrée et al. 2016) .
Primary hydrothermal fluorapatite. This is commonly found between grains of igneous fluorapatite (as mesostasis), protruding into cavities, or as rare veins ( Fig. 2A, D , E, G, H) . It is commonly associated with allanite and rare ekanite. It is poorer in LREE than igneous fluorapatite due to its co-crystallization with allanite. Therefore, it appears darker in BSE and XRCT images.
Symplectic fluorapatite. Symplectic fluorapatite consists of a micrometer-scale vermicular britholitegroup mineral hosted by fluorapatite (Figs. 1A, B , 2B, C, E). It appears as euhedral to subhedral alteration domains within igneous fluorapatite, with the BSE and XRCT brightness of the fluorapatite matrix matching that of the REE-rich adjacent unaltered primary fluorapatite. Supplementary video 2 and Figure 4 show the three-dimensional shape of one symplectite region.
Secondary altered fluorapatite. This type of fluorapatite is characterized by alteration of primary fluorapatite into REE-poor fluorapatite with abundant inclusions of REE and Th-rich phases, connected by a mesh texture of thin (0.5 to 2 lm) veins composed of the same phases (Figs. 1A, C-F, 2). The altered fluorapatite is REE-poor, appears dark in BSE and XRCT images, and appears bright blue to violet in SEM-CL (Fig. 2B) . In contrast to igneous fluorapatite, altered fluorapatite has weaker peaks at 600 and 630 nm and the lower wavelength peak is shifted slightly towards 400 nm. The morphology of this fluorapatite is consistent with the hydrothermally altered type 3 fluorapatite discussed by Chakhmouradian et al. (2017) . Our secondary fluorapatite is also texturally similar to altered fluorapatites from carbonatites (e.g., Narasayya & Sriramadas 1974 , Nadeau et al. 2015 , Feng et al. 2016 , Prokopyev et al. 2017 and elsewhere (Pan et al. 1993 , Li & Zhou 2015 , Uher et al. 2015 , Jonsson et al. 2016 , Ondrejka et al. 2016 , Zeng et al. 2016 , Lupulescu et al. 2017 . The two most common fluorapatite alteration products are REE-carbonates and Ce-Th-silicates. The REE-carbonates consist of parisite, galgenbergite, and calcioancylite (Schoneveld et al. 2015 , Huston et al. 2016 , with the dominant REE in each of these being La, Ce, or Nd, varying across growth zones in the same crystal (e.g., Schoneveld et al. 2015) . The REE-carbonates are commonly boytroidal coatings on the walls of pores, exhibiting an irregular ring-shaped morphology in polished section (Fig. 1C, D) . In other cases, they are euhedral, and often bladed (Fig. 1E ). Calcioancylite-(Nd) occasionally appears as curved fibers or plates (Fig. 1F) . The Th-Ce silicates include thorite, stetindite, and intermediate solid solutions, with several compositions present in the same vein or pore (Fig. 1E ). Other less-common alteration phases include monazite, allanite, and thorianite (Schoneveld et al. 2015 , Huston et al. 2016 . The multiphase, hydrated, porous, and metamict nature of these phases commonly results in mixed analyses and low analytical totals when analyzed by EDS, suggesting the phases may in fact be-at least partiallyrhabdophane (hydrated REE phosphate) instead of monazite, calciothorite, ''thorogummite'' (metamict and hydrated Th silicates), and hydrated REE carbonates such as hydroxylparisite. Some of the larger veins, occasionally up to several millimeters thick, are composed mostly of calcite, with minor REE-carbonates (occasionally present along calcite cleavage planes, Fig. 2D ), hydrous Mg-silicates (talc or humite-group minerals), and quartz. Nolans Bore is dominated by secondary altered fluorapatite. The distribution of the relict igneous fluorapatite seems random and does not correlate with depth or location within the deposit, other than being completely absent in the shallow supergene zones (Schoneveld et al. 2015) . The degree of alteration seems to correlate with the initial REE content of the fluorapatite, resulting in less-intense alteration of the hydrothermal primary fluorapatite. Likewise, igneous pill-textured fluorapatites are preferentially preserved due to lower REE contents relative to the coarser fluorapatites. Symplectic fluorapatite is extremely rare. The focus of this work is the transformation of primary igneous to symplectic and secondary fluorapatite. The formation of Nolans Bore and the primary fluorapatite will be discussed in a future publication.
MINERAL CHEMISTRY
Due to the small size of the alteration products, it was not possible to obtain meaningful compositions of each individual phase, and semi-quantitative compositions obtained by EDS are given in Table 3 . Instead, we used two methods: qualitative major and minor element mapping by EPMA and trace element characterization of alteration regions by LA-ICP-MS.
EPMA mapping
Element correlation plots, derived from element maps, are shown in Figure 5 . Additionally, a phase map using La-Ce abundance ratios was drawn to emphasize the textural association of each phase. The maps were measured with 1 lm steps, but the analyzed volume is larger due to electron scattering and secondary fluorescence (Reed 2006) . Because the REE-rich phases are on the scale of sub-lm to a few lm, the arrays in the matrix show mixing lines between the most volumetrically dominant fluorapatite and the other lessabundant endmembers present in each field of view. Yttrium is used as a proxy for the HREE, which are below detection by EPMA. Figure 5A shows a symplectite-dominated field of view from sample 153-35B. Using the La-Ce plot, at least four distinct phases can be clearly distinguished and can also be seen in most of the other matrix cells. The most common phase is REE-poor fluorapatite (light green), clearly seen on the WDS maps, phase map, and matrix as the P-rich phase poor in all other elements. A second phase (dark green) appears to contain both LREE and HREE. This phase forms the REE-rich part of the symplectite. We suggest that this phase is britholite or fluorcalciobritholite (see Pekov et al. 2007 for the distinction between the two). A third phase (pink) contains Th and Ce, is Sirich, and shows a preference for HREE, with some Nd and virtually no La. We interpret this phase to be a thorite-stetindite solid solution. The last phase (purple) is an LREE phase with exceptionally high La contents, some P and Si, but no Th and Ce. We are not aware of any mineral that qualitatively fits this composition and suspect it is a new, unknown mineral. Possibly, it is the britholite-cerite-like mineral reported by Holtstam & Andersson (2007) and synthesized in the hydrothermal experiments of Anenburg & Mavrogenes (2018) . Even though some phases seem to be part of the symplectite, their composition is different from britholite. Only the thin elongated phases (e.g., top right of the maps) are britholite-thus forming part of the symplectitewhereas the similar looking but slightly larger rounded phases (e.g., bottom center), which lack REE other than Ce, are thorite-stetindite. Figure 5B shows a veindominated field of view from sample 157-5A. REEpoor fluorapatite is again the dominant phase (here in light cyan). Relict unaltered primary fluorapatite, equally rich in all REE and Th, is light brown. The same color represents rare patches of REE-rich phospho-silicate, most likely britholite. A third phase (dark brown) is similar to the Ce-Th-silicates mentioned above, and here it occurs in veins in addition to the patches observed in sample 153-35B. The dark cyan veins are interpreted as two separate phases, i.e., the unknown LREE-P-Si phase described above and an LREE carbonate, with low P and Si in most points. The carbonate interpretation is also supported by the occurrence of REE-carbonates where the veins intersect pores (e.g., Fig. 1F ).
REE patterns and trace element compositions
The rare earth element patterns presented here are similar to the results obtained by Schoneveld et al. (2015) and Huston et al. (2016) , with a steep LREEenriched slope (La N /Lu N ' 500) and flattening in the lightest LREE (Fig. 6A ). As observed in Table 3 , the symplectites are the REE-richest domains and hydrothermal alteration mostly affects the LREE and the Ce anomaly (Fig. 6A ). The addition of Mg and Al hinted at by the EDS analyses (Table 3) stetindite inclusions in the analysis), whereas symplectic fluorapatites show a small positive Ce anomaly (Fig. 6A, C) . This anomaly may be caused by loss of non-Ce LREE, rather than by addition of Ce (see discussion below).
DISCUSSION
Hydrothermally altered fluorapatite and the oxidation state of cerium
The REE-bearing phase assemblage that forms during metasomatically induced alteration of fluorapatite (i.e., REE-carbonates and Ce-Th-silicates) is distinct from the symplectites (i.e., britholite). It occurs in veins and pore fillings that form by reduction in molar volume as the fluorapatite loses REE (Oberti et al. 2001) . Also, La and Ce are decoupled in most of these phases. As La 3þ and Ce 3þ behave almost geochemically identically, the absence of Ce from La-rich phases and vice versa requires Ce to exist in the quadrivalent instead of the more common trivalent state. This is supported by the occurrence of Ce in Thrich phases (e.g., thorite-stetindite), as Ce 4þ behaves in a similar way to Th 4þ . Figure 7 shows the ionic radii of all elements in discussion for eightfold coordination. It demonstrates the preference in element uptake of each phase: small cations such as Ce -rich silicate mineral suggests either high oxygen fugacities ( f O 2 ) or low temperatures during the hydrothermal alteration. Although Ce 3þ stability persists into oxidizing conditions at low pH, this is not the case for Nolans Bore. Acidic conditions would cause breakdown of allanite to hydrous Fe-oxides and aluminosilicates (Meintzer & Mitchell 1988 , Berger et al. 2008 , but the allanite at Nolans Bore is unaltered. The concentration of Ce in zircon (a member of the same mineral group as thorite and stetindite; Förster 2006) is widely recognized as an oxybarometer (Trail et al. 2011 , Burnham & Berry 2012 , Smythe & Brenan 2016 , but no zircon formed during hydothermal alteration at Nolans Bore. Trace-element data for coexisting thorite and zircon (Pettke et al. 2005) can be used to estimate the composition of a hypothetical zircon that would be in equilibrium with the thorite solid-solution observed at Nolans Bore (see supplementary appendix). Onuma-type parabolic fits (Onuma et al. 1968 , Blundy & Wood 2003 ca. 1200 for thorite. Hence the Ce anomaly (Ce/Ce*, where CeÃ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi La 3 Pr p after normalizing all three elements to chondritic abundances) in zircon would be 150 times larger than Ce/Ce* in coexisting thorite. Although a quantitative analysis of the thoritestetindite phase was not possible, the X-ray intensity (Fig. 5B) and EDS (Table 3 ) data suggest it has Ce/ Ce* . 10 (and more probably .50), which would correspond to Ce/Ce* . 1500 in zircon. Such exceptional values are seldom encountered in zircon. For example, Ce/Ce* exceeded 1000 in one out of 656 samples in one survey of zircon from a range of rock types (Belousova et al. 2002) and six out of 188 samples from a series of oxidized porphyry intrusions in which S was thought to occur primarily as sulfate (Ballard et al. 2002) . Ce/Ce* for zircon increases with decreasing temperature, with increasing f O 2 , and with increasing alkali content in the precipitating fluid (Paul & Douglas 1965 , Trail et al. 2011 , Smythe & Brenan 2016 . However, as Ce is predominantly incorporated in fluorapatite as Ce 3þ , mass-balance considerations necessitate a source of oxygen for a Ce 4þ -rich silicate to precipitate, and hence the presence of an oxidizing fluid is envisaged. By comparison to the data from natural samples containing magmatic zircon (Ballard et al. 2002) , whose f O 2 is poorly known but likely formed above the sulfidesulfate transition (Klimm et al. 2012 , Matjuschkin et al. 2016 , the f O 2 during thorite-stetindite precipitation was at least two orders of magnitude above FMQ, but likely much higher. Nolans Bore also contains several hundred ppm of U in addition to Th (Huston et al. 2016) . It would be expected that U would be enriched to notable levels in the REE and Th minerals, but no U was detected. Instead, U is only observed in late veins in the hydrous minerals coffinite and soddyite (Huston et al. 2016) , suggesting that the U was transported separately and more effectively than Th. This decoupling is only possible if U is hexavalent (Langmuir 1978) , providing further evidence for oxidizing conditions. Moreover, Schoneveld et al. (2015) reported parisite and calcioancylite with contrasting Ce-bearing and Ce-absent zones, suggesting oxidation-state fluctuation. This was most likely the latest alteration stage, occurring in or near the supergene zone. Similar boytroidal textures, breaking down of REE-rich fluorapatite, and Ce-La decoupling are known elsewhere from supergene zones (Lottermoser 1990 , Andersen et al. 2017 , Xu et al. 2017 .
Several studies have explored the metasomatic alteration of REE-bearing apatite by fluids. Experimental studies over the past two decades demonstrate that alteration of REE-rich fluorapatite results in inclusions of monazite and xenotime. The inclusions commonly nucleate within the REE-rich fluorapatite, whereas fluorapatite in the immediate area surrounding the inclusions is depleted in REE (Wolf & London 1995 , Harlov et al. 2002b , Harlov & Förster 2003 , Harlov et al. 2005 . Our secondary REE-rich phases exhibit identical textures (e.g., Fig. 1A ), but they are not monazite or xenotime. This is probably because of the high activities of Si and CO 2 relative to P, stabilizing phases other than monazite or xenotime. Harlov et al. (2007b) showed that in metasomatism experiments containing both REE and Th, ThSiO 4 forms a separate phase from monazite. Thorite formed at low temperatures (300 8C) as aggregates of submicrometer grains with a striking resemblance to the boytroidal textures observed in our samples (Fig. 1D) . Ce 4þ and Th 4þ have similar ionic radii and thorite and stetindite are isostructural, permitting solid solution. The low-temperature stability of Ce 4þ and the nanoscale morphology of this phase support our hypothesis that these features formed at similarly low temperatures. Huston et al. (2016) reported primary fluorapatite-hosted fluid inclusions with homogenization temperatures up to 400 8C. Given the rarity of primary fluorapatite, their lack of distinction between primary and secondary fluorapatite, and the secondary appearance of fluorapatite in their SEM imaging, we attribute their fluid-inclusion data to secondary alteration, which agrees with the temperature estimates suggested above. Hydrous Th-Cesilicates and REE-carbonates with similar boytroidal, fibrous, or microfracture-filling textures are widely known elsewhere and are always interpreted as having formed via hydrothermal Th and REE redistribution at ca. 400 8C or lower (e.g., Ermolaeva et al. 2007 , Seydoux-Guillaume et al. 2012 , Savelyeva et al. 2016 , Macdonald et al. 2017a , Macdonald et al. 2017b , Savelyeva et al. 2017 .
Symplectite formation
Symplectites are vermicular intergrowths of two or more phases considered to form by subsolidus unmixing or replacement processes during cooling, metamorphism, and metasomatism, generally in the presence of limited amounts of fluid (see Gaidies et al. 2017 , Spruzeniece et al. 2017 , and references therein). Notable examples are myrmekite (metasomatic replacement of K-feldspar by sodic plagioclase and quartz), kelyphite (decompression-induced breakdown of garnet to anorthite, orthopyroxene, and spinel), muscovite-quartz, amphibole/clinopyroxene-plagioclase, etc., particularly from metamorphic rocks where subsolidus reactions dominate. The formation of pearlite (a-Fe and Fe 3 C) by slow cooling of carbon steel is another example, from the field of metallurgy. The symplectites most likely formed at temperatures higher than the hydrothermally altered fluorapatite. Fluorapatite and britholite exhibit complete miscibility at high temperatures (Boyer 1997), but form two phases along a solvus at lower temperatures ( (2016) to occur at 600 8C, but were absent at 500 8C. Observations from natural rocks confirm the apatite-britholite miscibility gap forming during late stages of igneous activity below ca. 600 8C (Pekov et al. 2007 , Macdonald et al. 2013 , Uher et al. 2015 , Zozulya et al. 2017 , whereas the gap is not as clear at higher temperatures (Petrella et al. 2014) . We thus suggest that the fluorapatite-britholite symplectites formed at or below 600 8C (Fig. 8) .
Unlike the clear hydrothermally induced formation of the altered apatite (e.g., veins and porosity), there is little petrographic evidence to support a hydrothermal origin for the symplectites. This is not surprising, as replacement of fluorapatite commonly occurs on the nano-scale, and the fluid pathways are only observed using transmission electron microscopy (TEM) imaging (e.g., Harlov et al. 2005 , Birski et al. 2018 . There is, however, significant trace element evidence for symplectite formation by hydrothermal fluids. Magnesium and Al are incompatible during igneous crystallization of fluorapatite, evident by their low contents in primary fluorapatite (Fig. 6B) . In contrast, hydrothermally altered fluorapatite grains are richer in Mg and Al. The symplectites are similarly rich in Mg and Al, suggesting introduction of these elements by fluids. These elements are probably not in the fluorapatite or britholite crystal structures, but more likely within unobserved nanoscale mineral phases or porosity. Hydrothermal alteration is also evident by the positive Ce anomalies observed for most symplectites (Fig. 6A,  C) . Figure 6D shows that Ce and Th contents of symplectic fluorapatite are similar to the Ce-Th-richest igneous fluorapatites. Had Ce been introduced to form the anomaly, one would expect Th to be introduced as well, causing both to be higher than observed. Instead, we suggest that LREE except Ce 4þ were removed from the symplectite, explaining the La and Pr dip observed in Figure 6A . These LREE were likely deposited nearby in the non-stoichiometric britholite-cerite-like phase (Fig. 5A) , which also has a strong negative Ce anomaly, consistent with the retention of Ce 4þ in the symplectites. A similar phase formed in the experiments of Anenburg & Mavrogenes (2018) at temperatures of 550 to 650 8C, within our temperature estimate for symplectite formation.
COMPARISON WITH HOIDAS LAKE
The Hoidas Lake REE deposit in Saskatchewan, Canada (Pandur et al. 2014 (Pandur et al. , 2015 (Pandur et al. , 2016 shares many characteristics with Nolans Bore, in that it hosts REE mineralization in veins and dikes of fluorapatite with allanite, diopside, and hyalophane. Both ore deposits are Proterozoic in age and are hosted in granulitefacies metamorphic rocks. In both cases, ore deposition is believed to be from phosphate-rich hydrothermal fluids or evolved melts of carbonatite or alkali association, but no distinct source has been identified. The primary and secondary assemblages in Hoidas Lake are very similar to Nolans Bore and additionally contain hydroxylbastnäsite, hydroxylsynchysite, and ancylite (Pandur et al. 2016) . Pandur et al. (2016) also document REE-rich inclusions in fluorapatite and Cerich thorite, features commonly observed in the secondary assemblage at Nolans Bore. Pandur et al. (2014 Pandur et al. ( , 2015 Pandur et al. ( , 2016 ) describe a previously unobserved texture involving fluorapatite and REE-rich inclusions with a graphic texture. This texture was mentioned briefly by Pandur et al. (2014) , elaborated upon by Pandur et al. (2015) , and was an essential part of a wider genetic model for Hoidas Lake by Pandur et al. (2016) . The two models given by Pandur et al. (2015) involve magmatic processes: (1) crystallization from a boundary layer, similar to equivalent models in granitic pegmatites, or (2) entrapment of two immiscible REE-rich melt fractions in the crystallizing fluorapatite. However, we interpret the texture described by Pandur et al. (2015) as two distinct textures: symplectites and hydrothermal alteration, similar to the secondary fluorapatite at Nolans Bore. Pandur et al. (2014) document fluid inclusions indicating aqueous alteration at temperatures up to 310 8C, which is consistent with our estimate of hydrothermal overprint at Nolans Bore. In the following sections, we examine each of the claims raised by Pandur et al. (2015) to support a magmatic origin for this texture, reinterpret it, and supplement this reinterpretation with observations from Nolans Bore.
Is the texture igneous ''graphic'' or hydrothermally altered? Pandur et al. (2015) stated that the observed texture is reminiscent of the graphic texture of quartz and feldspar common in granitic pegmatites. These textures are explained as simultaneous growth of quartz and feldspar (Fenn 1986 , London 2014 , Xu et al. 2015 . However, the rocks at Hoidas Lake and Nolans Bore are not granitic pegmatites and the minerals comprising this textural association are neither quartz nor feldspar. Furthermore, minerals intergrown in graphic textures commonly have straight or parallel crystal edges and a systematic spatial distribution (Lentz & Fowler 1992) .
The interiors of the Hoidas Lake fluorapatite crystals contain fine euhedral intergrowths with a REE-rich phase, texturally identical to our symplectite, whereas the exterior resembles primary igneous fluorapatite overprinted by hydrothermally altered fluorapatite (compare Fig. 2B , C in Pandur et al. 2015 and Fig 11 in Pandur et al. 2016 with Fig. 1 of this study). Chemical evidence for hydrothermal alteration in Hoidas Lake is evident in Figure 4 of Pandur et al. (2015) and Figure 12 of Pandur et al. (2016) , which show the same La-Ce decoupling observed at Nolans Bore. This is only possible if most of the Ce is quadrivalent, requiring low temperatures and oxidizing conditions. High Ce 4þ /Ce 3þ is unlikely at magmatic temperatures, as it requires unrealistically high f O 2 , as described above. Specifically, one of their inclusions is a LREE-carbonate (with LREE, C, F, low Ce), and the other is likely to be a mixed carbonatestetindite (evident by the association of Ce and Si). Figure 2C in Pandur et al. (2015) .
Shortcomings of the boundary layer model
One of the models suggested by Pandur et al. (2015) invokes a boundary layer melt between the bulk melt and the growing crystals: diffusion between the boundary layer and the bulk melt was kinetically limited, causing the boundary layer melt to become depleted in the components forming fluorapatite (e.g., Ca, P) and oversaturated in the other components (e.g., Si, REE). These oversaturated components crystallized, trapping the solid Si-REE phases as inclusions in the fluorapatite. This model is basically the same as the granitic pegmatite model summarized by London (2014) . We claim that the boundary layer model is not applicable to Hoidas Lake or Nolans Bore. Silicon and REE together are compatible in fluorapatite via the britholite component coupled substitution Ca 2þ þ P 5þ REE 3þ þ Si 4þ (Gorbachev et al. 2017 , Anenburg & Mavrogenes 2018 ) at magmatic temperatures. The primary mineralization observed at Nolans Bore (and likely Hoidas Lake) is hosted by fluorapatite with a significant britholite component. This leads to a paradox: if the inclusions are representative of a boundary-layer melt enriched in elements that are incompatible in apatite (according to Pandur et al. 2015) , why do they contain phases in which REE and Si are the major elements? Therefore, the boundarylayer melt model is untenable.
Boundary-layer melts exist in granitic pegmatites because these melts are extremely viscous. The combination of high Si contents and low temperatures result in low diffusion rates, causing the formation of a kinetically controlled graphic texture (London 2014) . Furthermore, recent research shows that Li may promote the formation of graphic textures (Maneta & Baker 2014). However, neither Hoidas Lake nor Nolans Bore contain Li-bearing granitic pegmatites. They formed either from a phosphate-bearing carbonatite (Pandur et al. 2015 , Anenburg & Mavrogenes 2018 or a hydrothermal fluid (Huston et al. 2016 , Pandur et al. 2016 . Although an alkali source has been suggested (Huston et al. 2016 , Pandur et al. 2016 , there is no clear evidence to support such a source, especially since both deposits are devoid of fenitization. Carbonatites are among the least viscous melts on Earth (Jones et al. 2013 , Kono et al. 2014 . Diffusion is so rapid that it is almost impossible to quench them to glass. Experiments involving carbonatites equilibrate in minutes to hours, as opposed to days to weeks for granitic compositions (e.g., Wyllie & Tuttle 1960 , Wyllie et al. 1962 , Biggar 1969 , Cooper et al. 1975 , Irving & Wyllie 1975 , Lee & Wyllie 2000 , Martin et al. 2013 . A diffusioncontrolled boundary layer melt can only exist during rapid crystallization of fluorapatite, but such fluorapatite crystals are commonly needle-like (Wyllie et al. 1962) and are not observed at Hoidas Lake or Nolans Bore. Therefore, a diffusion-controlled boundary-layer melt is unlikely to have existed in these melts.
Are the inclusions immiscible melt droplets? Pandur et al. (2015) raised the possibility that the REE-rich solid inclusions are immiscible melt fractions. It is not clear whether their model suggests that the two compositions (Ce-Th-Si-rich and LREE-rich) are conjugate melts or if another melt, not represented in the inclusions, was present. Both cases suffer from the problem of temperature. Pure REE phosphates and silicates have melting points well above 1500 8C (Hikichi & Nomura 1987) , and the incorporation of Th or Ce 4þ will only make these phases more refractory. Fluorine does not act as a flux in this case, as it is an essential component of the solid REE-carbonate, and there is no other F-rich phase in the solid inclusions. Fluxing by water is also not possible because the solubility of REE in H 2 O is very low, particularly in the presence of P and the absence of F or Cl (Pourtier et al. 2010 , Tropper et al. 2011 , 2013 , Zhou et al. 2016 , Mair et al. 2017 , and these are hypothesized melt inclusions, not fluid inclusions. Paradoxically, these inclusions melt above the melting point of the host fluorapatite, precluding their origin as liquids trapped in crystallizing fluorapatite. The REE-carbonate observed in the inclusions by Pandur et al. (2015 Pandur et al. ( , 2016 is unlikely to represent a melt. In all cases where igneous REE-carbonates are observed in natural carbonatites, they are dissolved in a melt dominated by calcite or dolomite components. Also, REEcarbonates are rarely igneous in natural rocks and usually form in late hydrothermal stages of magmatic evolution. They crystallize at relatively low temperatures with an upper limit of about 800 8C, but commonly much lower than 500 8C (Jones & Wyllie 1986 , Williams-Jones & Wood 1992 , Doroshkevich & Ripp 2004 , Ruberti et al. 2008 , Gysi & Williams-Jones 2015 , Verplanck et al. 2016 , Broom-Fendley et al. 2017b , Liu & Hou 2017 . Thus, their temperature range of formation is not compatible with the high temperature range for the REE-Th silicates and phosphates and we doubt the coexistence of immiscible liquids with these compositions (carbonates and phosphate-silicates). These hypothesized REE-carbonate-silicate-phosphate melts are not known elsewhere and their existence is suspect.
Order of fluorapatite crystallization Pandur et al. (2016) reported four generations of fluorapatite: (1-2) ca. 1.5-2% REE oxides, inclusionbearing, Ce-dominant; (3) ca. 5.5% REE oxides, inclusion-free, Ce-dominant; and (4) ca. 1% REE oxides, inclusion-bearing, Nd-dominant. Based on this order, Pandur et al. (2016) proposed a model of changing source fluid or melt conditions. We suggest that the order ought to be: REE-rich and inclusion-free first, followed by REE-poor and inclusion-bearing, as seen at Nolans Bore, where primary igneous assemblages are followed by secondary symplectites and hydrothermal alteration. The Nd-dominant fluorapatite crystallized last, indicating that Ce was oxidized and preferentially sequestered in thorite and stetindite, forming negative Ce anomalies in this late-stage fluorapatite. Interestingly, the Hoidas Lake REE-rich and inclusion-free fluorapatite exhibits both morphologies observed at Nolans Bore: smaller pill-textured and large oscillatory zoned fluorapatite (e.g., bottom right and top of Fig. 2C in Pandur et al. 2015, respectively) . A summary of the textures observed in Nolans Bore and Hoidas Lake and their interpretation is given in Figure 9 . (Harlov et al. 2002a , Ziemann et al. 2005 , Harlov et al. 2007a , Torab & Lehmann 2007 , Harlov 2011 , Jonsson et al. 2016 , Krneta et al. 2016 . Specifically, Ali (2012) reports irregularly shaped REE phosphates in apatite. In all cases these textures were interpreted by the authors as metasomatic replacements of apatite, facilitated by hydrothermal alteration.
SIMILAR SYMPLECTITES FROM OTHER LOCALITIES

CONCLUSIONS AND IMPLICATIONS
Primary REE-rich fluorapatite at Nolans Bore was altered in two stages. First, a high-T (~600 8C) exsolution process created a symplectite of REE-poor fluorapatite and britholite. Second, fluid infiltration at lower temperatures (,500 8C) generated a network of patches and veins composed of various Ce-Th-silicates and LREE-carbonates. Cerium was oxidized and consequently decoupled from the rest of the LREE. Almost identical textural and chemical features occur in the Hoidas Lake REE deposit, precluding the magmatic origin suggested by Pandur et al. (2015) .
Although Nolans Bore experienced several stages of post-magmatic secondary alteration (described here FIG. 9 . A schematic sketch of primary and secondary textures discussed here, contrasting the interpretation of textures at Hoidas Lake (Pandur et al. 2015 (Pandur et al. , 2016 and Nolans Bore (this study). The sketch is loosely based on Figure 2C of Pandur et al. (2015) .
and by Schoneveld et al. 2015) , the REE remained mostly contained within Nolans Bore itself and did not migrate into the wall rocks. The REE were sequestered in insoluble phases such as carbonates, silicates, and phosphates, regardless of the ligands that promote REE dissolution (e.g., Cl -). Thus, under the hydrothermal conditions prevailing at Nolans Bore during post-magmatic alteration, REE mobility was limited to the micrometer to millimeter scale (as was observed elsewhere, e.g., Förster 2000, Williams-Jones et al. 2012) . The ore grade of many REE deposits was upgraded by hydrothermal alteration (Andersen et al. 2017) . However, hydrothermal alteration did not upgrade the ore grade at Nolans Bore, suggesting it is not a significant mineralization process in Nolanstype apatite vein deposits (although the ore grade can be modified by supergene processes; see Schoneveld et al. 2015) .
The observed variety of REE phases has important implications for theoretical studies of REE transport in hydrothermal fluids (e.g., Migdisov et al. 2016) . REE transport and phase stability is commonly based on the stability of various ligands over a range of fluid pressure-temperature-compositions, but the solubility of complex REE silicates, phosphates, and fluorides is poorly constrained. Solid phases considered in these studies are usually only either well-known phases (monazite, xenotime, apatite, etc.), or phases that do not generally occur in nature (simple REE-fluorides). They do not take coexisting phosphates, carbonates, and silicates into consideration, and the potential implications of these assemblages on REE solubility. All insoluble phases must be considered when applying theoretical or simplified experimental studies of REE solubility to natural systems.
Carbonatite-hosted REE deposits are commonly rich in Ce and Th, both of which are undesirable to industry. Cerium is usually the most abundant REE, yet its economic value is low relative to other LREE such as Pr or Nd (2 US$/kg for CeO 2 versus 52 US$/kg and 42 US$/kg for Pr 6 O 11 and Nd 2 O 3 , respectively). Thorium is radioactive and requires special handling procedures (Chen 2011 , Haque et al. 2014 , Zhu et al. 2015 . Avoiding silicates when designing metal extraction processes could reduce Ce and Th quantities and remove uneconomic trace HREE impurities from an LREE concentrate (e.g., Abdel-Khalek 2000). The case of Nolans Bore demonstrates that primary magmatic mineralization and later redistribution of REE and Th during alteration events must be considered during ore deposit evaluation. Furthermore, fluid flow and chemistry-and consequently the particular phases present-might vary spatially throughout a deposit. The economic value of specific portions of a deposit can depend on this variability, even though the bulk composition is the same. 
